Polycystic ovary syndrome (PCOS) pathophysiology is poorly understood, due partly to lack of PCOS animal models fully recapitulating this complex disorder. Recently, a PCOS rat model using letrozole (LET), a nonsteroidal aromatase inhibitor, mimicked multiple PCOS phenotypes, including metabolic features absent in other models. Given the advantages of using genetic and transgenic mouse models, we investigated whether LET produces a similar PCOS phenotype in mice. Pubertal female C57BL/6N mice were treated for 5 wk with LET, which resulted in increased serum testosterone and normal diestrus levels of estradiol, similar to the hyperandrogenemia and follicular phase estrogen levels of PCOS women. As in PCOS, ovaries from LET mice were larger, polycystic, and lacked corpora lutea versus controls. Most LET females were acyclic, and all were infertile. LET females displayed elevated serum LH levels and higher Lhb mRNA in the pituitary. In contrast, serum FSH and Fshb were significantly reduced in LET females, demonstrating differential effects on gonadotropins, as in PCOS. Within the ovary, LET females had higher Cyp17, Cyp19, and Fsh receptor mRNA expression. In the hypothalamus, LET females had higher kisspeptin receptor mRNA expression but lower progesterone receptor mRNA levels. LET females also gained more weight than controls, had increased abdominal adiposity and adipocyte size, elevated adipose inflammatory mRNA levels, and impaired glucose tolerance, mirroring the metabolic phenotype in PCOS women. This is the first report of a LET paradigm in mice that recapitulates both reproductive and metabolic PCOS phenotypes and will be useful to genetically probe the PCOS condition.
INTRODUCTION
Polycystic ovary syndrome (PCOS) affects approximately 10% of reproductive-aged women [1] [2] [3] [4] . PCOS is a complex disorder encompassing multiple phenotypic parameters, with clinical diagnosis typically requiring at least two of the following features: polycystic ovaries, androgen excess (hyperandrogenemia), and chronic anovulation, with the latter two often comprising the predominant features [5] . Neuroendocrine hallmarks of PCOS include increased gonadotropin-releasing hormone (GnRH) pulse frequency, increased luteinizing hormone (LH), reduced follicle-stimulating hormone (FSH), and insensitivity to progesterone (P4)-negative feedback [6] [7] [8] . Along with hyperandrogenemia, disruptions in the neuroendocrine reproductive axis contribute to dysfunctional ovarian maturation and diminished fertility [1, 3, 4, 6] . PCOS is also often associated with metabolic dysfunction, including obesity and increased abdominal adiposity, abnormal fat cell morphology and function, insulin resistance, glucose intolerance, metabolic syndrome, and heightened risk for diabetes [4, 6, 9, 10] .
The development of animal models to study PCOS has been an important research focus [11] [12] [13] [14] ; however, there is no consensus on the best experimental animal model to study PCOS. Prenatally androgenized rhesus monkey and sheep display many of the reproductive and metabolic phenotypes associated with PCOS [15, 16] , but ethical and economic considerations limit the utility of nonhuman primate and large domestic animal models as does the current inability to genetically and transgenically manipulate these larger species to probe underlying mechanisms. In rodents, various strategies have attempted to induce PCOS, including exposure to androgens, estrogens, antiprogestins, and genetic modifications [17] [18] [19] . Yet, elucidating the etiology and underlying mechanisms of PCOS has proven challenging, due largely to the heterogeneity of the disease. Most rodent models of PCOS have only partially recapitulated the array of PCOS phenotypes. For example, in female rats and mice, chronic postnatal administration of dihydrotestosterone (DHT), from before puberty to adult age, induces anovulation, increased body weight and adiposity, enlarged fat cells, and insulin resistance [20, 21] . However, unlike PCOS women, these chronically DHTtreated rodents have normal or reduced ovarian weight, lower LH, reduced plasma testosterone (T), and reduced estradiol (E2) 1 Supported by NIH through a cooperative agreement as part of the Specialized Cooperative Centers Program in Reproduction and Infertility Research U54 HD012303 (U.C. San Diego) and U54 HD028934 (University of Virginia Ligand Assay and Analysis Core). It was also supported by NIH R01 HD065856 (A.S.K.), R01 HD072754 and R01 HD082567 (P.L.M.), and R01 HD067448 (V.G.T.). P.L.M. was also partially supported by P30 DK063491, P30 CA023100, K12 HD001259, and P42 ES101337. G.E.R. was partially supported by P42 ES101337 and T32 GM008666. T32 HD007203 partially supported K.P.T., S.J.S., and C.A.G.-K. K.P.T. was partially supported by F32 HD076606. S.J.S. was partially supported by F32 HD066849. C.A.G.-K. was partially supported by the Hartwell Foundation Fellowship. N.J.W. was partially supported by P30 DK063491, P30 CA023100, and U54 CA155435. 2 Correspondence: Alexander S. Kauffman, Department of Reproductive Medicine, Leichtag Building, Room 3A-15, University of California, San Diego, 9500 Gilman Drive, #0674, La Jolla, CA 92093. Email: akauffman@ucsd.edu levels compared with controls, indicating that this model does not faithfully recapitulate the reproductive endocrine phenotype of PCOS. Likewise, another mouse model utilizing acute prenatal DHT treatment (prenatal androgen: PNA) only reproduces a subset of the PCOS phenotype [14, [22] [23] [24] [25] and lacks metabolic or ovarian effects (no polycystic ovaries or differences from controls in glucose tolerance test [GTT] , insulin tolerance test, or obesity, even on high fat diet [26] ). Thus, existing models recapitulate only some features of PCOS, and few have both the endocrine and metabolic phenotypes.
Recently, a rat model of PCOS using letrozole (LET), a nonsteroidal aromatase inhibitor [27] , was shown to exhibit multiple facets of PCOS. This model is based on the finding of lower estrogen/androgen ratios in follicular fluid of PCOS women, suggesting low aromatase activity [28] , and the fact that genetic variants of the aromatase gene (CYP19), which converts androgens to estrogen, are associated with the development of PCOS and hyperandrogenism in women [29] [30] [31] [32] . In female rats, continuous LET treatment initiated before puberty (at doses that do not fully deplete E2 levels) disrupted estrous cyclicity, increased ovarian weight, and caused anovulation, ovarian cysts, and atretic follicles in adulthood [20, 27] . LET treatment in rats also increased LH (but not FSH) and T levels [20, 27] , as occurs in PCOS women. Importantly, besides these reproductive symptoms of PCOS, LET-treated female rats also developed some metabolic features of PCOS, including increased body weight and insulin resistance [27] . Thus, unlike other rodent PCOS models, the LET model in rats recapitulates both the reproductive and metabolic phenotypes associated with PCOS, most of which are apparent within 5 wk after starting LET treatment [27] . Despite this promising outcome in rats, one recent study surprisingly reported no effect of LET on multiple PCOS phenotypes in mice [19] . Thus, there has yet to be a similar LET model developed in mice, which would be extremely advantageous due to the availability of murine transgenic lines that can be used in combination with LET to study the pathogenesis of PCOS. Here, we present, for the first time, a new mouse model utilizing LET that strongly recapitulates both the reproductive and metabolic hallmarks of PCOS. Moreover, we show for the first time that this novel LET paradigm significantly blocks fertility and alters reproductive gene expression at multiple levels of the hypothalamic-pituitary-gonadal axis, providing some mechanistic insight into how the reproductive axis is disrupted in a PCOS-like condition.
MATERIALS AND METHODS

Animals and LET Treatment
Female C57BL/6N (Harlan Laboratories) mice were housed on a 12L:12D cycle with food and water available ad libitum. Mice were housed two females/ cage. All the experiments were approved by the University of California San Diego Institutional Animal Care and Use Committee.
At 4 wk of age, prior to pubertal completion, females were subcutaneously implanted with a LET (50 lg/day) or placebo control (CON) pellet (n ¼ 10/ group). LET was purchased from Fitzgerald, and custom 60-day continuous release pellets were made by Innovative Research of America. The 50 lg/day dose was selected based on previous studies in rats giving a LET dose of 200 or 400 lg/day [27] and scaled appropriately to mice.
Estrous Cycle Assessment
The stage of estrous cyclicity was determined by light microscopic analysis over 14 days of the predominant cell type in vaginal epithelia smears obtained 4-5 wk after LET or control pellet implantation. Proestrus was characterized by the presence of mostly nucleated and some cornified epithelial cells, estrus as mostly cornified cells, and diestrus/metestrus as some cornified epithelial cells and primarily leukocytes.
Tissue Collection and Histology
After 5 wk of LET exposure, mice were anesthetized with isoflurane, weighed, blood collected via retro-orbital bleeding, and then rapidly decapitated (between 1000 and 1200 h). Brains and pituitaries were collected, frozen on dry ice, and stored at À808C. Additionally, dissected ovaries and fat pads were weighed. One ovary and one ovarian fat pad and a portion of periuterine (parametrial) fat pad from each mouse was fixed in 4% paraformaldehyde at 48C overnight and stored in 70% ethanol before histologic processing. The ovarian fat pad connects to and surrounds the ovary; the parametrial fat pad is the main, large, bilateral adipose tissue in the lower abdominal cavity, around the uterus and bladder. The other ovary and fat pad were dissected straight into RNAlater (Life Technologies) and stored at À808C until processing for mRNA expression levels using quantitative PCR.
For histological analysis, fixed ovaries were serially sectioned at 12 lm and then stained with hematoxylin and eosin. Corpora lutea and cysts were counted from two sections randomly selected from the middle of each ovary. In each case, counts were made by an investigator blind to the treatment group. Fixed parametrial and ovarian fat pads were embedded in paraffin, sectioned at 5 lm, and stained with hematoxylin and eosin. Slides were scanned on a Hamamatsu Nanozoomer scanner, and adipocyte number and area were quantified using ImageJ with the MRI Adipocyte Tools macros. Macrophage infiltration was assessed on additional adipose sections by immunohistochemistry using antibody F4/80 (1:100, clone CI:A3-1; Serotec) with 3,3 0 -diaminobenzidine detection.
Hormone Assays
All the hormone levels were measured by the University of Virginia Ligand Core Facility. Serum LH and FSH were measured by a mouse multiplex assay (reportable range 0.24-30.0 ng/ml and 2.4-300 ng/ml, respectively). Serum T was measured with radioimmunoassay (range 5.0-1075 ng/dl). Serum E2 was measured using a mouse enzyme-linked immunosorbent assay (range 3.0-300 pg/ml).
Quantitative Real-Time PCR of Ovary, Pituitary, and Adipose Genes Total RNA from pituitary, ovary, and parametrial adipose tissue was isolated using an RNeasy Mini kit (Qiagen). Genomic DNA was eliminated from samples using a Turbo DNA-free kit (Ambion). Complementary DNA was made by reverse transcription of total RNA using an iScript cDNA synthesis kit (Bio-Rad Laboratories). Complementary DNA products were detected using iQ SYBR Green Supermix (Bio-Rad Laboratories) on a quantitative real-time-PCR iQ5 real-time detection system (Bio-Rad Laboratories). Data were analyzed by the 2 ÀDDCt method by normalizing the ovarian gene of interest to L19 and pituitary or adipose genes of interest to Gapdh. Data are represented as mean fold change compared with control 6 SEM. Primer sequences used are listed in Supplemental Table S1 (available online at www. biolreprod.org).
Quantitative PCR Analysis of Reproductive Genes in the Brain
Frozen brains were dissected and micropunches taken from the medial basal hypothalamus (MBH) and the anterior hypothalamus/preoptic area (POA). Total RNA from POA and MBH samples was isolated using an RNeasy Mini kit (Qiagen), and cDNA was made by reverse transcription of total RNA using an iScript cDNA synthesis kit (Bio-Rad Laboratories). Complementary DNA products were analyzed in duplicate with real-time PCR using a CFX Connect system (Bio-Rad Laboratories) and Quantitect SYBR Green PCR kit (Qiagen). Standard curves were generated for each product using cloned cDNAs for Gnrh, Kiss1r, Pgr, and Gapdh to quantify the abundance of cDNA in each sample, in line with previously published methods [33] . For standard curves, a dilution series of cloned templates ranging from 10 to 10 8 copies were used. In order to ensure the presence of a single product, a dissociation curve was performed after each run. Data were collected from threshold values using the automatic function of the Bio-Rad MyIQ software and are reported as mRNA copy number.
Fertility Assessment
A separate cohort of female mice similarly implanted with LET or CON at 4-wk-old was used to assess fertility. At 8 wk of age, 4 wk after pellet implantation, LET and CON females (n ¼ 5-6/group) were paired with adult C57BL/6N breeder males (;3-mo-old). Breeder males were removed after 10 days, and females were assessed for presence of litters and time to first litter.
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All females were paired again with a new breeder male and similarly assessed for fertility at 20 wk of age, ;10 wk after the LET pellet had fully exhausted (the LET pellets last for ;7 wk).
GTT
Mice were fasted for 6 h with free access to water. Mice were tested for GTT independent of cycle stage. Basal blood glucose was then measured using a handheld glucometer (One Touch UltraMini; LifeScan, Inc.) just before (time 0) a single intraperitoneal injection of glucose (2g/kg body weight in sterile saline) and subsequently at 15, 30, 45, 60, 90 , and 120 min postadministration (n ¼ 10/group).
Statistical Analysis
All the data are expressed as the mean 6 SEM for each group. Group differences for all data were analyzed by Student t-test except for differences in percent of animals in a group cycling or displaying fertility, which were analyzed using chi-squared test, and glucose tolerance, which was analyzed with repeated measures ANOVA followed by post hoc comparisons for individual time points. Statistical significance was set at P , 0.05.
RESULTS
Circulating Reproductive Hormones Are Altered in LET Mice
LET treatment differentially affected circulating levels of the two gonadotropins. LET female mice displayed significantly elevated serum LH levels (P , 0.05 vs. CON, Fig. 1A ). In contrast, serum FSH was significantly reduced by 3-fold in LET females versus CON mice (P , 0.05, Fig. 1B) . Coinciding with the elevated LH, serum T was robustly increased by 4-fold by LET (P , 0.05, Fig. 1C ), mimicking a normal T range for adult male mice and mirroring the increased androgen levels in PCOS women. In contrast, circulating E2 levels were not significantly altered by LET and remained in the normal diestrous range (Fig. 1D ).
Reproductive mRNA Expression in the Pituitary Is Altered in LET Females
Along with elevated serum LH, LET females had significantly higher Lhb mRNA levels in the pituitary versus CON females (P , 0.05, Fig. 2A ). Likewise, pituitary Fshb mRNA levels mirrored the decrease in circulating FSH, being significantly lower in LET females (P , 0.05, Fig. 2B ). Pituitary Gnrhr (encoding GnRH receptor) mRNA was also higher in LET mice (P , 0.05, Fig. 2C ). Conversely, pituitary Kiss1r and Pgr (encoding the kisspeptin receptor and progesterone receptor, respectively) levels were not different between LET and CON (Fig. 2) .
LET Impairs Ovarian Morphology and mRNA Expression Levels
Uterine weights were not significantly different between treatments at 5 wk of LET treatment (54.3 6 10.7 mg vs. 67.0 6 9.7 mg for LET and CON, respectively). However, the ovaries of LET mice were dramatically altered in multiple ways that mimicked PCOS. Ovary weights were significantly 
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increased in LET versus CON females (P , 0.05, Fig. 3, A and  B) . The ovaries from LET, but not CON, female mice were also polycystic (Fig. 3, A and C) . LET ovaries appeared to have more antral follicles than CON ovaries, consistent with PCOS ovaries [34] . Many of the LET ovarian follicles showed a disorganized granulosa cell compartment with irregular granulosa cell layer thickness, characteristic of atretic antral follicles (Fig. 3A) . Furthermore, there were almost no large secondary follicles in LET ovaries, suggesting that their secondary follicles mature precociously to antral follicles. The hyperplastic and thickened theca cells, commonly seen in PCOS ovaries as compared with normal ovaries, were not FIG. 3. Perturbed ovarian morphology and estrous status in LET-treated female mice. A) Representative images of ovaries from CON (top) and LET (bottom) female mice depicting presence or absence of cysts and corpus luteum (CL). Higher magnification images on the right depict the disorganized follicles of the LET mice. CF, cystic follicle; HC, hemorrhagic cyst. Mean ovarian weights (B), number of cystic follicles (C), and number of CL (D) were all significantly different between LET and CON females (n ¼ 3). The percent of females that were acyclic (constant diestrus or constant estrous) (E) and relative amount of time spent in each cycle stage (F) were also significantly different between LET and CON females (n ¼ 10/group). Significantly different from CON (*P , 0.05).
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distinctly observed in the ovaries of LET mice. Importantly, ovaries from LET mice lacked corpora lutea (CL), while CON female ovaries had multiple CL, indicative of ovulation (Fig. 3,  A and D) . Moreover, the vast majority of LET females were acyclic, being mostly arrested in diestrus, whereas only one CON female was acyclic (P , 0.05, Fig. 3E ). Analysis of estrous cycle stages revealed that LET females spent significantly more time in diestrus and less time in proestrus and estrus than CON females (P , 0.05 for each stage, Fig.  3F ).
Within the ovary, LET mice had significantly higher expression of Cyp17, a key steroidogenic enzyme involved in androgen synthesis (P , 0.05, Fig. 4A ). In addition, Fshr and Cyp19 (encoding FSH receptor and aromatase, respectively) mRNA levels were also significantly increased in LET female ovaries (P , 0.05, Fig. 4, B and C) . In contrast, ovarian Lhr, Pgr, and Amh (LH receptor, progesterone receptor, and antiMüllerian hormone, respectively) mRNA expression in LET females were identical to CON mice (Fig. 4, D-F) .
Reproductive mRNA Expression in the Hypothalamus Is Altered in LET Mice
To begin to assess whether any of the alterations observed in circulating hormones or pituitary mRNA levels reflect upstream changes in reproductive brain circuits, we evaluated expression of several relevant genes in the hypothalamus. In the POA, Gnrh and Pgr mRNA expression levels were not different between LET and CON females (Fig. 5, A and C) . However, in LET females, Kiss1r mRNA levels were elevated in the POA (where GnRH neurons reside), though this difference fell just short of reaching statistical significance (P , 0.059, Fig. 5B ). LET females also had significantly lower Pgr mRNA expression in the MBH, a region known for 
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mediating negative feedback effects of P4 on the reproductive axis (P , 0.05, Fig. 5D ).
LET Females Are Infertile but This Reproductive Deficit Is Reversible
To assess functional consequences of the LET paradigm on reproduction, we evaluated fertility in LET and CON females beginning 4 wk after initiation of LET treatment. All the CON females (5/5) successfully gave birth to a litter following pairing with a breeder male for 10 days. In contrast, none of the LET females (0/6) successfully gave birth (P , 0.05, Fig. 6A ). To evaluate whether the LET effect is permanent or can be reversed, all females were paired again with another male 10 wk after the LET pellet expired (;17 wk after LET implantation). In this case, 100% of both LET and CON females (6/6 and 5/5, respectively) gave birth to a litter, with no group differences in time to birth or litter size (Fig. 6, B and C) . Similarly, circulating T levels were no longer significantly elevated in these females 10 wk after the LET pellet had exhausted (10.6 6 1.4 ng/dl vs. 8.0 6 1.4 ng/dl for LET and CON, respectively).
Body Weight and Adiposity Are Increased in LET Females
Because PCOS women often present with metabolic disorders, we investigated whether the LET-induced PCOS mouse model also exhibits a metabolic phenotype. LET mice gained more weight than CON females (by 1.5-fold) over the 5-wk treatment period (P , 0.05, Fig. 7, A and B) . LET females also had markedly higher abdominal adipose weights (ovarian and parametrial fat depots) (P , 0.05, Fig. 7C ) and dramatically increased adipocyte cell size in both fat pads (P , 0.05, Fig. 7, D 
and E).
Inflammatory Markers and Glucose Tolerance Are Altered in LET Females
Given that inflammation is a recognized contributor to obesity and impaired glucose control, we examined the parametrial adipose tissue for the presence of inflammatory markers and macrophages. Messenger RNA expression levels of several inflammatory factors and cytokines, including IL-1b, IL-6, Mcp-1, and Tnfa, were significantly elevated in adipose tissue of LET females (P , 0.05, Fig. 8A ). Staining for macrophage infiltration in ovarian fat tissue using the F4/80 antibody (which binds a glycoprotein expressed by murine macrophages) also revealed the notable presence of macrophages in adipose tissue of LET mice but not in CON females (Fig. 8B) .
Glucose homeostasis is typically impaired in obesity and metabolic syndrome, including in PCOS women. We found that basal glucose levels were elevated in LET females (P , 0.05, Fig. 9A ). Moreover, LET females displayed glucose intolerance, with significant delays in their ability to clear glucose after intraperitoneal injection (P , 0.05, Fig. 9B ).
DISCUSSION
PCOS is a complex disorder encompassing multiple phenotypic parameters, including neuroendocrine and ovarian impairments, and a high prevalence of metabolic perturbation, such as obesity and glucose intolerance [8] [9] [10] . The development of rodent models to study mechanisms of PCOS has proven challenging due to the heterogeneity of the disease, with most models only partially recapitulating the many phenotypes of PCOS [14, 20, [22] [23] [24] 26] , and few having both the reproductive and metabolic phenotypes. Recently, a rat model of PCOS using LET recapitulated multiple features of PCOS, but similar models in mice, which can be manipulated with genetic and transgenic technologies, are currently lacking. Here, we report, for the first time, a new LET mouse model that impressively recapitulates many of the reproductive and metabolic components of the human PCOS phenotype. In addition, we demonstrate for the first time several notable changes in reproductive mRNA expression in the hypothalamus and pituitary and inflammatory genes in adipose tissue not formerly studied in previous LET studies, which may relate to mechanisms enhancing GnRH/LH secretion and obesity, as occurs in PCOS women.
Neuroendocrine Phenotype
We found that LET female mice have significantly elevated circulating androgens, a hallmark of women with PCOS [6, 35] . Our observed increase in androgen levels in LET mice were of similar range and magnitude as has been reported for increased androgen levels in PCOS women [36, 37] . In PCOS, hyperandrogenemia is driven by upstream increases in LH secretion, which we also observed in LET mice, both at the level of pituitary Lhb mRNA expression and circulating LH levels. Additionally, at the ovarian level, alterations in steroidogenic enzymes, mainly increased activity of Cyp17 (the rate-limiting enzyme in androgen biosynthesis), synergize with the elevated LH signaling to promote high production of ovarian androgens in PCOS women and was also evident in our LET mice (discussed further below). Highlighting the fundamental role of androgen signaling in PCOS, clinical studies determined that treatment with the AR antagonist, flutamide, can reverse many symptoms of PCOS [38, 39] . Furthermore, as occurs in rodents on high-fat diet [40] , obesity in women promotes increased androgen secretion [41] , which exacerbates the PCOS pathology in cases in which it is accompanied by metabolic dysfunction.
In addition to hyperandrogenemia, persistently rapid GnRH pulsatility is a neuroendocrine hallmark of PCOS [42] , and this favors pituitary synthesis and secretion of LH over FSH and higher LH-to-FSH ratios. Inadequate FSH levels in PCOS women contribute to impaired follicular development, while elevated LH levels augment ovarian androgen production [6] . Although GnRH expression is unchanged in LET mice, the LET mouse model faithfully recapitulates both of the gonadotropin phenotypes, with higher pituitary Lhb mRNA and circulating LH and lower Fshb mRNA and circulating FSH. The circulating gonadotropin abnormalities likely reflect changes in GnRH secretion patterns caused by upstream alterations in sex steroid feedback onto the GnRH pulse generator. This altered steroid feedback in women with PCOS may be influenced by both abnormal steroidogenesis and dysfunctional sex steroid-signaling mechanisms. For example, E2 administration decreases FSH secretion in normal women but fails to lower FSH in PCOS women [43, 44] . The LET mouse paradigm may prove useful to study the mechanisms of altered sex steroid feedback in a PCOS-like scenario.
Our data highlight several possibilities for contributing factors to the elevated LH secretion in LET mice. First, pituitary Gnrhr mRNA is significantly increased in LET females, potentially providing a pituitary-based mechanism for enhanced GnRH signaling in this condition. Second, LET mice have elevated Kiss1r levels in the anterior hypothalamus and POA region, where GnRH neurons reside. This raises the possibility that enhanced kisspeptin signaling to GnRH neurons, related to elevated kisspeptin receptor mRNA levels, may help drive increased GnRH secretion, a key trait in PCOS women. Future studies will determine to what extent kisspeptin signaling is altered and involved in the LET PCOS-like condition. Regardless, enhanced kisspeptin activation of GnRH secretion may act in concert with the observed elevations in FIG. 7 . Altered body weight and adiposity in LET female mice, reminiscent of obesity in many PCOS women. Mean body weights at end of study (A) and percent change in body weight change during the 5 wk treatment (B) are greater in LET than CON females (n ¼ 10/group). Mean abdominal adipose weights (parametrial fat depot) (C) are also elevated in LET females (n ¼ 10/group). Mean adipocyte cell size is also markedly increased in both the ovarian (D) and parametrial (E) fat pads (n ¼ 4/group). Significantly different from CON (*P , 0.05). Original magnification 3200.
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GnRH receptor mRNA levels in the pituitary to achieve exaggerated LH synthesis and secretion in the PCOS condition. Lastly, P4-mediated negative feedback on GnRH circuits may be reduced in LET mice, allowing for greater GnRH/LH secretion. PCOS women have decreased GnRH pulse generator sensitivity to P4-mediated negative feedback [45] . P4 similarly exerts inhibitory feedback effects on gonadotropin secretion in animal models, presumably by acting on GnRH circuits . Increased markers of inflammation in adipose tissue of LET-treated female mice, reminiscent of similar increases in inflammation in PCOS women. A) Messenger RNA expression of inflammatory factors and cytokines is significantly elevated in parametrial adipose tissue of LET versus CON females (n ¼ 6/group). LET female adipose tissue also contains noticeable macrophage infiltration (brown stain for macrophage-specific protein denoted by arrows) not observed in adipose tissue of CON females (B). Significantly different from CON (*P , 0.05). Original magnification 3200.
FIG. 9.
Glucose tolerance is impaired in LET-treated female mice. Mean basal glucose levels are elevated in LET females (A). LET females also display glucose intolerance in a GTT, with significant delays in the clearance of glucose after intraperitoneal injection (B) and overall greater area under the curve (AUC) during this test (C). Significantly different from CON (*P , 0.05); n ¼ 10/group.
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52]. However, the brain location(s) where P4 acts to repress GnRH and LH secretion (negative feedback) are not fully known but may involve neurons in the arcuate nucleus/MBH region, which express progesterone receptors and are implicated in negative feedback [53] . Interestingly, we found reduced Pgr mRNA levels in the MBH of LET females, but normal Pgr mRNA levels in more anterior brain areas. This MBH-specific decrease in Pgr mRNA levels may cause reduced progesterone receptor protein levels and could be related to diminished capability to respond to P4-negative feedback signals in the PCOS condition, thereby promoting enhanced GnRH secretion. Because mRNA levels do not always represent protein levels [54, 55] , future studies using fixed tissues will need to determine if the alterations in mRNA expression observed in our study reflect similar alterations in protein levels.
Ovarian Phenotype and Fertility
In addition to changes in circulating gonadotropins and GnRH secretion, the ovaries of PCOS women are typically larger, polycystic, anovulatory, and have changes in multiple steroidogenic enzymes and hormone receptors. The ovaries of the LET mouse model faithfully recapitulate these PCOS phenotypes. LET ovaries are enlarged and contain multiple cysts but lack corpora lutea, signifying absence of ovulatory activity. In addition, mRNA levels of Fshr, Cyp17, and Cyp19 were also significantly increased in ovaries of LET females, mirroring similar changes in PCOS ovaries [56] . Consistent with these findings, androgen administration to monkeys increases FSH receptor mRNA [57] , and FSH binding to granulosa cells from ovaries of PCOS women is increased compared with size-matched normal follicles [58] . We speculate that the higher Cyp19 (aromatase) mRNA levels in LET females are due to both elevated FSH receptor and elevated T, the latter of which enhances FSH receptor action on Cyp19 expression and itself stimulates Cyp19 [57, 59] . Whether levels of Cyp19 in ovaries from PCOS women are different is currently unclear and requires more data for definitive conclusions [60] . However, genetic variants of the CYP19 gene have been associated with the development of PCOS and altered androgenic profile in women [29, 31] . We also found that ovarian Amh mRNA levels were unchanged in the LET mice, though we did not assess protein levels. Circulating AMH protein levels have been reported to be higher in some but not all PCOS women [61] , leaving this issue of the AMH phenotype in PCOS unclear at present.
Along with the above alterations to ovarian morphology and gene expression, we determined that LET females have dysfunctional estrous cyclicity, being mostly arrested in diestrus and rarely exhibiting proestrus. To assess functional consequences of such impairments, we evaluated fertility in females beginning 4 wk after initiation of LET treatment. In contrast to CON females that all gave birth after pairing with a male, none of the LET females gave birth, demonstrating infertility in this PCOS model. However, the effects of LET on fertility were reversible because all LET females were able to give birth to normal-sized litters once the LET pellet was exhausted (tested 10 wk later). This reversibility of the LET model will allow for comprehensive analyses in future studies before and after LET treatment.
Interestingly, circulating E2 was not dramatically lower in LET females at the time of killing, being in the normal diestrus range at 5 wk of treatment. This was confirmed by multiple E2-sensitive anatomical and molecular measures indicating that E2 was not significantly lowered: 1) both uterine weights and Pgr mRNA levels in several tissues were unchanged (both are reduced by lower E2 levels), and 2) FSH levels and Fsh mRNA expression were reduced rather than elevated (FSH is normally increased with lower E2 levels [62] [63] [64] ). It is possible that E2 levels are initially decreased by LET but eventually return to normal levels as a long-term consequence of the dramatic increases observed in Cyp19 gene expression (aromatase) and T synthesis (the primary substrate for E2). Importantly, the normal levels of E2 along with high T observed in our LET mice mirror these hormone levels in women with PCOS, in which T is elevated and E2 is at normal follicular phase levels. These findings suggest that many reproductive and metabolic phenotypes observed in the LET mice (and perhaps PCOS) do not reflect lower circulating E2 and may instead be attributable to elevated androgens.
Metabolic Phenotype
Along with the reproductive phenotype, many women with PCOS have metabolic abnormalities, including peripheral insulin resistance, hyperinsulinemia, and abdominal adiposity that increase their risk of developing type 2 diabetes and cardiovascular disease [9, 65, 66] . Metabolic dysfunction has been shown to occur predominantly in PCOS women with hyperandrogenism and ovulatory dysfunction, regardless of their body mass index [67, 68] . This association is weaker for women with hyperandrogenism and polycystic ovaries, while women with ovulatory dysfunction and polycystic ovaries, but no evidence of androgen excess, typically lack a metabolic phenotype. These studies highlight the potential role of hyperandrogenemia in the development of the PCOS metabolic syndrome. Additionally, hyperinsulinemia in women with PCOS has been proposed to contribute to the metabolic phenotype by increasing ovarian androgen production and increasing androgen bioactivity through decreased sex hormone-binding globulin production [69, 70] . Obesity also exacerbates insulin resistance and, thus, hyperinsulinemia and androgen production in women with PCOS [71] .
Here, we show that the LET mouse model recapitulates several metabolic phenotypes observed in PCOS women. LET females weigh more, have increased adipose tissue weight, larger adipocytes, elevated inflammatory gene mRNA expression in adipose tissue, and increased macrophage infiltration of adipose tissue. The LET mice also have elevated fasting glucose and were moderately glucose intolerant. Such metabolic impairments were notable after just 5 wk of LET treatment and mirror the reported phenotype of female rats treated with LET for a longer period of 10 wk. Unlike the LET model, other paradigms previously used to induce PCOS in mice have typically reported a lack of consistent metabolic phenotype, suggesting that the LET paradigm may be useful for studying PCOS in a context of metabolic dysfunction, as occurs in many women with the disorder.
Comparison with Other Mouse PCOS Models
Several other models have been used to mimic PCOS in rodents, the most prevalent being the PNA model whereby females are exposed to elevated DHT levels late in gestation. While the PNA model nicely resembles several notable features of PCOS, there are several aspects that are not recapitulated and that differ from LET mice. Ovaries of PNA mice have a reduced number of, but not absent, CL, indicating some ovulation [19, 24] . Polycystic ovaries are not present in PNA mice, and their ovaries are smaller or normal sized [19, 24, 25] , opposite to the larger ovaries present in PCOS women and LET LETROZOLE-INDUCED PCOS MOUSE MODEL mice. Serum LH in PNA mice is elevated in some reports but not others [19, 25, 72] , and FSH levels, which are lower in both PCOS women and LET mice, are normal in PNA mice [19, 25] . Circulating T in PNA female mice is either normal (i.e., low) [19, 23, 25] or moderately elevated [24, 26, 72] , differing from the larger degree of hyperandrogenemia present in both PCOS women and LET mice. PNA mice also do not exhibit the same marked metabolic defects observed in LET mice or LET rats. Although PNA mice have elevated fasting glucose, slightly impaired glucose tolerance, and a minor increase in adipocyte size [23, 25] , there is no significant alteration in body weight, adiposity, or insulin resistance [19, [23] [24] [25] [26] . Moreover, another study reported that glucose tolerance was normal in PNA mice [26] . It has been suggested that the absence of significant metabolic dysfunction or obesity in PNA mice signifies it as a lean PCOS model [73] and could be useful for representing the condition in some PCOS women who lack metabolic impairments [74] . Alternatively, the PNA model may represent a milder form of PCOS across the PCOS spectrum. Table 1 summarizes the key phenotypes of the LET mouse model compared with PCOS women, the PNA mouse model, and the postnatal DHT rodent model [19] [20] [21] , the latter of which lacks multiple aspects of the reproductive phenotype while presenting some of the metabolic phenotype.
One previous study recently tested the ability of LET to induce PCOS in mice. That study similarly reported polycystic ovaries and irregular estrous cycles as well as elevated T [19] . However, unlike our present findings, the previous study reported normal serum LH and FSH levels in LET-treated mice along with normal ovarian weights, body weights, adipocyte size, and no metabolic dysfunction [19] . The reason for the absent hormonal and metabolic phenotype in the prior study is not immediately clear, especially given the strong phenotypes elicited in the present study. The Caldwell et al. study [19] used two LET doses (44 and 88 lg/day) similar to our dose of 50 lg/day, so the differences in outcomes between our study and theirs are unlikely to be due to dosing. There were other minor technical differences between the two studies, including different C57 mouse substrains (C57BL/6J vs. C57BL/6N), different ages and durations of LET exposure (90 days initiated at Postnatal Day 21 vs. 35 days initiated at Postnatal Day 28), and different sources of the LET compound (Fitzgerald versus Novartis Pharma), but it is unknown if any of these minor differences underlie the lack of a strong PCOS phenotype in the previous study. We note that our phenotype in mice nicely mirrors the phenotype previously obtained in rats as seen by Maliqueo et al. [27] . Moreover, we have now tested our LET treatment three different times in independent cohorts of mice, and we consistently observe both the reproductive and metabolic PCOS phenotypes. Thus, this present LET paradigm in mice may be a useful tool in future studies to genetically probe the mechanisms of the PCOS phenotype. [19, [23] [24] [25] [26] 72] , and data from postnatal DHT are from [19] [20] [21] . CL, corpus luteum, T, testosterone, LH, luteinizing hormone, FSH, follicle-stimulating hormone, Cyp19, aromatase gene, Fshr, FSH receptor gene, P4, progesterone, Pgr, progesterone receptor gene, Lhb, luteinizing hormone beta polypeptide gene, Fshb, Follicle-stimulating beta polypeptide gene.
